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In this study, a new design of graded tubular scaffolds have been developed for the performance enhancement in vascular tissue engineering.
The graded poly-L-lactide (PLLA) and gelatin ﬁbrous scaffolds produced by electrospining were then characterized. The morphology,
degradability, porosity, pore size and mechanical properties of four tubular scaffolds (graded PLLA/gelatin, layered PLLA/gelatin, PLLA and
gelatin scaffolds) have been investigated. The tensile tests demonstrated that the mechanical strength and also the estimated burst pressure of the
graded scaffolds were signiﬁcantly increased in comparison with the layered and gelatin scaffolds. This new design, resulting in an increase in the
mechanical properties, suggested the widespread use of these scaffolds in vascular tissue engineering in order to prepare more strengthened
vessels.
& 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Chinese Materials Research Society. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Many patients suffer from disorders in the vascular system,
resulting in a fast growing clinical need for functional arterial
replacements. Synthetic materials that are successful for large-
diameter vascular grafts fail when applied to small-diameter
applications like the coronary artery [1]. As a result, tissue
engineering has emerged as a promising way to solve the
problems of current therapies. Vascular tissue engineering
includes the culture of functional small-diameter grafts by
application of autologous cell source combined with a natural10.1016/j.pnsc.2015.09.009
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nder responsibility of Chinese Materials Research Society.or synthetic tubular scaffold [2]. A functional tissue-engineered
vascular graft encompass appropriate tensile strength to provide
mechanical support for cells and an elastic properties to provide
recoil and prevent aneurysm formation [2]. In addition, it should
have a suitable surface to prevent thrombosis and to provide full
functionality to the blood vessel [3]. Tissue-engineered blood
vessels should at least bear physiological pressure [4-7]. In
addition, they should bear surgical handling at implantation. It
can be logical that tissue-engineered blood vessels should at
least bear pressures up to 500 mmHg [3].
Tissue-engineered solutions are based on the idea that over
time the scaffolds should be degraded, while the mechanical
properties of the developing tissues increase. The scaffolds used
in tissue engineering act as a temporary skeleton that supportsof Chinese Materials Research Society. This is an open access article under the
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until the cells produce their own extracellular matrix [8,9]. The
native structure of blood vessels indicates that mimicking an
applicable structure should be producible with a tubular
structure, having a high surface area-volume ratio [10,11]. In
1986, Weinberg and Bell synthesized the ﬁrst complete tissue-
engineered biological vessel with collagen as the scaffold
material [12], but the graft mechanical strength was low. It
has been reported that the strongest structure, which involved
2 Dacron meshes, had a burst pressure of 323 mmHg [13].
Gelatin is derived by denaturing the triple-helix of collagen
into single-stranded molecules. In aqueous solutions, gelatin
entangles easily to form coils. At low temperatures, gelatin is
more likely to form a helical structure similar to collagen.
However, this property is inﬂuenced by the presence of
covalent crosslinks, gelatin molecular weight and gelatin
concentration [14,15]. Since gelatin is a derivative of collagen,
it can be enzymatically broken down by collagenases. Gelatin
hydrogels typically have shown poor mechanical stability,
though there have been investigations to stabilize gelatin
hydrogels with chemical crosslinking agents such as glutar-
aldehyde[16]. Since gelatin closely resembles collagen in
structure and function, it has been recently used to support a
variety of cells. Recent studies have shown that porous gelatin
scaffolds could support human adipose derived stem cell
attachment and differentiation into a variety of cell lineages
[17]. Furthermore, a range of non-orthopedic cell types, such
as respiratory epithelial cells and cardiocyocytes, have been
shown to attach and maintain round morphologies in gelatin
scaffolds [18].
Biodegradable synthetic scaffolds are degradable over
different periods of time, so ultimately they are no longer part
of the graft. The two well-investigated biodegradable polymers
are polyglycolic acid (PGA) and poly-L-lactide (PLLA). PGA
is a highly crystalline and hydrophilic polymer and have been
used to produce the ﬁrst synthetic absorbable suture [19].
PLLA is more hydrophobic than PGA because of the presence
of an extra methyl group in the lactide molecule, which limits
water uptake. This results in a lower hydrolysis rate [20]. Both
materials are FDA approved and therefore suitable materials
for tissue engineering applications. PLLA has been found to
mechanically support the attachment of various cell types
onto its surface [21]. However, investigations have shown that
less cells adhere to PLLA compared to other polymers. To
overcome this problem several research groups extended the
PLLA scaffold with co-polymers, coatings or other biomater-
ials [22].
Techniques that are used to produce porous scaffolds for tissue
engineering include particle leaching, gas formation, high-pressure
gas expansion, phase separation and emulsion freeze-drying
methods [23]. In case of polymer ﬁber-based scaffolds, conven-
tional techniques include melt spinning, wet spinning, and dry
spinning [24]. These techniques usually produce ﬁbers with
diameters in the range of 10–50 μm. Several research groups,
however, have stated that scaffolds should be physically similar to
native extracellular matrix and therefore should exist of nanoscaled
ﬁbers [25]. Electrospinning allows the generation of ﬁbers withsubmicron diameters and is therefore widely applied in tissue
engineering. It is a relatively simple, straightforward and cost-
effective method, applicable to a large variety of materials [26].
In this study, a new design have been proposed to create
graded tubular scaffolds of PLLA/gelatin with enhanced per-
formance in vascular tissue engineering. The structural, mechan-
ical and stability of a range of scaffolds have been investigated
to evaluate its ability for using as vascular grafts in tissue
engineering applications.2. Materials and methods
2.1. Preparation of solutions
PLLA (Mw¼60,000) and gelatin were obtained from
Sigma-Aldrich Company. Dimethylformamid (DMF), Chloro-
form and Acetic Acid were purchased from Merck Company.
All materials were used without any puriﬁcation.
PLLA solutions were produced in four different concentrations
of 10.5, 12, 13.5, and 15 w/v%. For the preparation of each
solution, PLLA was dissolved in a mixture of chloroform and
DMF and the mixture was stirred for 12 h in order to obtain
transparent solutions. Gelatin solutions were also prepared in
three different concentrations of 7, 14 and 21 w/v%. For the
preparation of each solution, gelatin was dissolved in diluted
acetic acid and the mixture was stirred for 4 h in order to obtain a
transparent solution.2.2. Electrospinning setup
As can be seen in Fig. 1, the experimental setup used for
electrospinning process consists of a high-voltage power supply
(0–30 kV), two plastic syringes containing the polymer solu-
tions and syringe needles with an internal diameter of about
0.5 mm. PLLA and gelatin ﬁbers were collected by a rotational
collector which rotates at a constant speed (2000 rpm). The
negative electrode was connected to the collector and the
positive electrode was connected to the two needles.
Considering the described scaffold materials, several types
of tubular scaffolds are proposed and investigated in this study.
The choice of the scaffold concepts was based on tissue
development in combination with controllable mechanical
properties. In total, four scaffold concepts are proposed, a
schematic representation of which is shown in Fig. 2. The ﬁrst
two scaffolds consisted of solely electrospun PLLA and
gelatin, as shown in Fig. 2(1) and (2). The other two concepts
basically consisted of PLLA/gelatin polymers. One type
consisted of layered PLLA and gelatin, shown in Fig. 2(c).
As the PLLA/gelatin construct rapidly loses its mechanical
properties, shown in the present study, the gelatin and PLLA
layers was parted. Another approach to enhance the mechan-
ical strength of the PLLA/gelatin scaffolds was to construct a
semi-graded scaffold with controlling the concentration of the
solutions for electrospinning process, shown in Fig. 2(d). In
these scaffolds, gelatin gradually decrease from each surface of
the tube and PLLA increase. All tubular constructs were
Fig. 1. (a) The designed schematic of grip tension test. (b) The setup schematics of the electrospinning. (c) The schematic of sample cross sections before and after
force implication.
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structural and mechanical properties.2.3. Characterization
2.3.1. Morphological observations
For characterizing the morphology of the spun ﬁbers, an optical
microscopeUnion-DZ3 and scanning electron microscope (SEM)
modelPhilips XL30 were used. Fiber diameter in the electrospun
scaffolds was measured on SEM micrographs. Average ﬁber
diameter was achieved from the measurements taken perpendicular
to the long axis of the ﬁbers within representative microscopic
ﬁelds (10 measurements per ﬁeld). The size of the pores formed
between the ﬁbers was calculated using Cell Proﬁler software.2.3.2. Porosity measurement
Liquid displacementmethodwas used to study theporosi-
tyofthe scaffolds. Ethanol was used as a liquid medium. The
porosity was expressed as Eq. (1) [27]:
Porosity¼ W2W1ð Þ= W2W3ð Þ ð1Þ
where W1 is the weight of the dry sample, W2 is the weight of
the sample with liquid in pores and W3 is the weight of the
sample suspended in ethanol. To evaluate the sample pore
sizes (the diameter of the largest pores) and image processing
method was used.2.3.3. Degradation test
To perform degradation test, the samples were soaked in the
phosphate saline buffer (PBS) solution for 1 and 7 day periods
and the weight loss was measured according to Eq. (2):
Weight loss¼ W1W2ð Þ=W1 ð2Þ
where W1 is the weight before submerging in the PBS solution
and W2 is the weight of the sample submerged in the PBS
solution for 1 and 7 day periods and dried afterwards.2.3.4. Mechanical testing
Fig. 1(a) shows the setup designed to perform tensile tests
along the diameter which is of high importance for applica-
tions in vessels. In this experiment, two grips are placed into
the thin septum tube applying tensile force along its diameter;
hence, determining mechanical properties. Notably, although
the force is applied non-uniformly on the tube surface and we
have stress concentration at regions where the tube is in
contact with the grip, we assume that the stress is uniform over
the tube surface since the grip is relatively thin.
To ﬁnd the elastic modulus amount, we must determine the
sectional area of the samplesat each moment during the whole
period of force exertion and obtain the radial stressfor various
radial strains. We assume that the samples’cross sectionare in
the form of an ellipse shape. Fig. 1(c) shows the cross section
after and before the force exertion. For radial strains along the
Fig. 2. Schematic representation of the 4 tubular scaffold structures; cross-section of electrospuned tubes (a) PLLA scaffold, (b) gelatin scaffold, (c) layered PLLA–
gelatin scaffold and (d) graded nano-composite PLLA–gelatin scaffold.
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εx ¼
R2R1
R1
¼ ΔLx
R1
) a R1
R1
¼ εx ) a¼ R1 1þεxð Þ
εy ¼ νεx )
bR1
R1
¼ νεx ) b¼ R1ð1νεxÞ
where a and b are the internal diameters of the ellipse, t is the
thickness of the ellipse and R1, R2 are the radius of the tube
before and after the load bearing. Due to the small thickness of
the sample t we can ignore its variation during the experiment,
one can write:
A tð Þ ¼ π aba0b0 ; a0 ¼ a t
b
0 ¼ b t
(
AðtÞ ¼ pðabða tÞðb tÞÞ ¼ pðabðabðaþbÞtþ t2ÞÞ
¼ pððaþbÞt t2Þ
where A(t) is the cross section area of the sample, if we ignore
higher orders of t then:
AðtÞ ¼ ptðaþbÞ ¼ pt R1ð1þϵxÞþR1ð1vϵxÞð Þ
¼ ptR1 2þð1vÞϵxð Þ ¼ ptR1 2þð1vÞϵxð ÞThen, the radial stress can be obtained from the following
equation, Eq. (3):
s¼ F
AðtÞ ¼
F
πtR1 2þð1vÞεxð Þ
ð3Þ2.3.5. Estimated burst pressure
Measurements on the tensile stress can be used to estimate
the pressure–strain relationship, and the corresponding burst
strength, using thin wall assumptions for vessels. Fig. 1
(c) shows a cross section of a vessel that Pi is blood pressure
in radial direction. When the wall thickness of cylindrical
pressure vessel is about one-twentieth or less of its length,
longitudinal strain is quite small compared with the radial and
tangential strain. Under these conditions, longitudinal stress,
sl; is zero, radial stress, sr is equal to blood pressure, Pi, and
tangential stress, st, – in result of blood pumping and vessel
wall expansion – can be obtained by following equations:
st ¼
Piri
t
ð4Þ
where Pi is the internal pressure of vessel, t is the thickness of
the vessel wall and ri is the internal radius of the vessel.
t t
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theory is used. Thus, for yield point, it written as:
s1s2ð Þ2þ s2s3ð Þ2þ s3s1ð Þ2 ¼ 2Sy ð5Þ
In this equation, s1 ¼ sr ¼ Pi, s2 ¼ st ¼ Pirit and s3 ¼
sl ¼ o.
So, s21s1s2þs22 ¼ SyFig. 3. SEM micrographs and ﬁber size distribution graphs of gelatin ﬁbBy substituting sr and st in Eq. (4), burst pressure, Pi can be
calculated:
Pi ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Sy
1þ ri 2 ri 
sers with (a, d) 7%w/v, (b, e) 14%w/v, (c, f) 21 %w/v, respectively.
Fig. 4. SEM micrographs and ﬁber size distribution graphs of PLLA ﬁbers with (a, e) 10.5%w/v, (b, f) 12%w/v, (c, g) 13.5%w/v, (d, h) 15%w/v, respectively.
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Table 1
The average ﬁber diameters of PLLA and gelatin ﬁbers and pore sizes with
different solution concentrations.
Sample (w/v%) Fiber size (nm) Pore size (μm2)
Gelatin 7 % 17475 4.1570.45
Gelatin 14 % 20976 4.970.51
Gelatin 21 % 21976 5.3070. 59
PLLA 10.5 % 21878 4.5270.56
PLLA 12 % 23079 7.5470.89
PLLA 13.5 % 375715 13.8471.96
PLLA 15 % 820724 40.4674.59
Table 2
The porosity percentage and degradation of the prepared scaffolds.
Sample Porosity (%) Degradation after
1 day (%)
Degradation after
7 days (%)
Gelatin scaffold 7878 2372 4873
PLLA scaffold 6275 971 2672
Layered PLLA/
gelatin scaffold
7576 1871 3472
Graded PLLA/
gelatin scaffold
7377 1671 3172
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All experiments were performed in ﬁfth replicate. The
results were given as means7standard error (SE). Statistical
analysis was performed by using One-way ANOVA and
Tukey test with signiﬁcance reported when Po0.05. Also
for the investigation of group normalizing, Kolmogorov–
Smirnov test was used.
3. Results and discussion
The morphology and diameters of different electrospun
nanoﬁbers were observed by SEM, shown in Figs. 3 and 4.
The PLLA and gelatin scaffolds show almost similar surface
morphologies which consisted of continuous and randomly
oriented nanoﬁbers. The average ﬁber diameters of PLLA and
gelatin and pore sizes with different solution concentrations are
listed in Table 1.
The SEM micrographs showed that the nanoﬁbers had a
solid surface with interconnected voids among the ﬁbers,
presenting a porous network. The distribution of the nanoﬁbers
diameters showed that gelatin scaffolds had approximately
90% of the nanoﬁbers in 100–300 nm diameter range. The
average diameter of the PLLA scaffold was different for each
solution and it varied from 200 to 800 nm, which was larger
than the average diameter of the gelatin scaffolds. Similar to
ﬁber size, pore size increased with increasing the polymer
concentration in most gelatin and PLLA/gelatin scaffolds.
Theoretically, the wettability properties of these scaffolds
including intrinsic hydrophobicity of PLLA, and intrinsic hydro-
philicity of gelatin have a signiﬁcant effect on the degradation
behavior of the scaffolds. The wettability of these materials is
always higher than normal when the surface has a nano to micro
texture. As the results show this phenomena may cause faster
degradation of gelatin ﬁbers in the PBS solution. To measure the
porosity percentage of the samples via liquid displacement
method using hydrophobic methanol, the mats were treated with
formaldehyde to crosslink the hydroxyl groups. The porosity
percentage of different samples are shown in Table 2, indicating
that the porosity percentage in gelatin scaffolds causes of smaller
ﬁber diameters are larger and PLLA scaffold because of larger
ﬁbers have lower porosity percentages. The other two samples
(layered PLLA/gelatin and graded PLLA/gelatin scaffolds) por-
osity are somewhere in the middle of PLLA and gelatin scaffolds
porosity proportional to PLLA and gelatin components.This study focuses on the design of a new class of scaffolds
with proper mechanical properties suitable for vascular tissue
engineering. For this reason, different kind of scaffolds were
designed and mechanically tested in our laboratory. According to
the tensile tests, the gelatin scaffold showed a low mechanical
strength, and the PLLA scaffold showed a better mechanical
properties. The ﬁrst two evaluated scaffolds do not satisfy the
requirements for a functional scaffold because none of them that
fulﬁll the requirements for this speciﬁc application. It is always
suggested that the existence of some percentages of biomaterials
from the collagen family is essential for having a promising cell
response [28-30]. Therefore, two other scaffolds were designed
and investigated. The ﬁrst sample was a layered scaffold, in
which gelatin and PLLA were fabricated with a layered structure.
In this structure, outer and inner layers consist of gelatin ﬁbers
and the middle layers consist of PLLA ﬁbers. The stress–strain
curve for this scaffold have shown two peaks, indicating that the
outer gelatin layer was failed and separated from the middle
PLLA layer. This process occurs rapidly, and destroys the main
structure of the scaffolds (resulting in a serrated stress–strain
curve or jerky ﬂow). This phenomena is named "Portevin–Le
Chatelier" effect, which some materials exhibit as they undergo
plastic deformation, speciﬁcally inhomogeneous deformation
[31]. For eliminating "Portevin–Le Chatelier" effect, another
sample was designed. In this sample, the arrangement of PLLA
and gelatin ﬁbers are changed in which gelatin gradually
decreases from each surface of the tube and PLLA increased.
In fact, continuous and gradual changes in PLLA and gelatin
ﬁbers volume fraction cause mechanical interlocking of ﬁbers. By
designing this gradient nanocomposite, both strength of PLLA
and superior biological characteristics of gelatin are added to the
scaffold in an optimal condition. The result of tensile test proved
that the graded nanocomposite scaffold’s ultimate tensile strength
was higher than that of gelatin and layered scaffolds. Fig. 5 shows
Young’s modulus and ultimate tensile strength of gelatin tubular
scaffolds, PLLA tubular scaffolds, PLLA/gelatin layered tubular
scaffolds and PLLA/gelatin graded nanocomposite tubular
scaffolds.
For verifying the results of the mechanical test, burst pressure that
is deﬁned as the highest pressure values attained on inner wall of
vessel prior to rupture [32], were calculated. Burst pressure is
calculated by Von Mises stress theory. Fig. 6 shows the estimated
burst pressure of all the prepared samples. The results from estimated
burst pressure indicated an improvement for the graded PLLA/
gelatin nanocomposite scaffold in highest endurable pressures. This
Fig. 5. Mechanical properties of the prepared tubular scaffolds (a) ultimate tensile strength (b) Young's modulus.
Fig. 6. Estimated burst pressure of the prepared tubular scaffolds.
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characteristics of PLLA and superior biological characteristics of
gelatin for vascular tissue engineering applications.4. Conclusion
The tubular PLLA, gelatin and their layered and graded
scaffolds with random ﬁbers have been produced using a modiﬁed
electrospinning process. The electrospuned gelatin and PLLA
ﬁbers showed an average size between 200 and 800 nm. The
mechanical properties of the scaffolds were characterized and
optimal conditions of mechanical strength achieved via gradual
changes in the volume fraction of gelatin and PLLA contents. In
the graded scaffolds (gelatin and PLLA), gelatin was added to the
structure while retaining PLLA mechanical properties. These
scaffolds showed satisfying mechanical properties from PLLA in
their core and gelatin in their surfaces due to the excellent
biological characteristics. The degradation behavior in PBS solu-
tion and the porosity characterization showed that the porosity and
degradation of the graded scaffolds was something between gelatinand PLLA. Intrinsic wettability and nanotexture of the graded
scaffolds affect its degradation properties. The improved mechan-
ical properties of the synthesized graded scaffolds, having gelatin
molecules in the structure, suggests that these scaffolds could be
potentially used in vascular tissue engineering applications.
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